Introduction
Nanograined materials are of great interest since it is known that those materials may exhibit unusual physical and mechanical properties compared to the coarse grained ones. 1) Extensive researches have been conducted to investigate the plastic deformation and the microstructural evaluation of the nanograined materials due to the scientific and technological importance. 2, 3) The nanograined materials are often produced easily by severe deformation processes: equal-channel angular pressing (ECAP), torsion straining, accumulative roll bonding, asymmetric rolling and mechanical alloying (MA), etc. 4) Among these methods, mechanical alloying is one of the most convenient techniques to produce alloyed powders from elemental powders and to obtain the nanograined microstructures.
In general, deformation behaviors in metallic materials can be classified to two categories: one is strain hardening and the other strain softening. Strain hardening, as it is well known, occurs in conventional coarse grained materials and is related to dislocation movements. On the other hand, strain softening occurs mainly in fine grained materials, especially in nanocrystalline ones and generally take place in superplastic deformation at high temperature. Also, it was reported in our previous study that softening occurs in compressive test at room temperature.
5)
The purpose of this study is to investigate the deformation behavior related to softening of nanocrystalline Al alloys at high temperature. The nanocrystalline Al alloys in this work have similar compositions to Al alloys showing superplasticity at high temperature.
Experimental Procedure
Coarse powders consisting of many nano grains were produced by mechanical milling(MM) and mechanical alloying(MA), i.e., MM was carried out for nanocrystalline pure Al and MA for nanocrystalline Al-1.5 mass%Mg and Al-0.7 mass%Mg-1.0 mass%Cu alloys (hereafter, referred to Al-1.5Mg and Al-0.7Mg-1.0Cu respectively). For MM and MA by attrition ball mill, elemental Al(99.5 mass%), Mg(99.9 mass%) and Cu(99.9 mass%) powders were used and methanol of 1 mass% was added as process control agent to suppress severe cold welding between elemental powders. Also, to prevent contamination, surfaces of stainless jar and ball were coated with pure Al powders and Ar atmosphere was sustained during the processes. After MM and MA, the powders were hot pressed for 40 min at 500 C under pressure of 50 MPa in vacuum. The materials hot pressed were machined to rectangular type specimens with dimension of 4 mm Â 4 mm Â 5 mm (Width Â Depth Â Height) by electrical discharge machining method and then, surfaces of them were polished out sufficiently to remove effect of EDM. Compressive tests were conducted to true strain of about 1.0 at 300 C with initial strain rates from 1 Â 10 À1 to 1 Â 10 À4 s À1 . To reduce friction between dies and specimen, MoS 2 powders were sprayed on surfaces of dies. From data of load and displacement obtained during compressive test, true stress and true strain were calculated assuming that barreling does not occur during test (actually, barreling was suppressed effectively to true strain of 0.4). Densities of materials hot pressed were measured by using the Archimedes' method and grain size was examined by transmission electron microscopy(TEM) operating at 200 kV.
Results

Microstructures after hot pressing
Three kinds of nanocrystalline materials were used for this work and their compositions analyzed after hot pressing are shown in Table 1 . The analyzed compositions are almost consistent with nominal ones. However, Fe content over 0.3 mass% was detected and the increase of Fe content is due to contamination from stainless jar and ball during MM and MA, comparing to that in as-received Al powders. Table 2 shows densities of materials after hot pressing. Relative densities showed values above 99% in three kinds of materials, indicating that it is possible to eliminate effect of porosity in this study on compressive deformation behaviors.
Grain sizes of three materials were investigated by TEM. Average grain sizes were measured to be ranged about from 70 to 110 nm in all of three materials and in selected area diffraction (SAD) patterns, clear rings were observed owing to fine grains. Figure 1 shows representative TEM micrographs of Al-1.5Mg alloy.
Compressive deformation behaviors
Compressive deformation behaviors in nanocrystalline pure Al, Al-1.5Mg and Al-0.7-1.0Cu materials were investigated at high temperature of 300 C. Figures 2, 3 and 4 show load-displacement and true stress-strain curves in three kinds of nanocrystalline materials, respectively. As can be seen from load-displacement curves of nanocrystalline pure Al in Fig. 2 , there is obvious difference between the curve at room temperature and those at high temperature of 300 C. That is, after yielding, load increases sharply at room temperature while load increases slowly at 300 C or rather decreases at strain rate of 1 Â 10 À4 s À1 . These results indicate that deformation mechanism at high temperature is differ from that at room temperature in nanocrystalline pure Al and actually, the results establishing the difference in deformation mechanism appeared in true stress-strain curves. In the true stress-strain curves of Fig. 2 , strain hardening occurred at room temperature, while strain softening at high temperature regardless of strain rate. Strain hardening is generally related to movements of dislocation within grains, but strain softening is reported to occur due to grain boundary sliding. [5] [6] [7] [8] These results may imply an important fact that at high temperature, grain boundary sliding can occur easily even in pure materials when those consist of nano grains. Figure 3 shows load-displacement and true stress-strain curves in Al-1.5Mg alloy. In load-displacement curves, a phenomenon that load suddenly drops after yielding took place at all strain rates except 1 Â 10 À1 s À1 . Also, it is noted that after occurrence of load drop, region where load is constantly sustained (hereafter referred to plateau) came out especially at strain rate of 1 Â 10 À3 s À1 . Considering that Ã calculated by average atomic weight in nominal composition and unit cell volume measured by X-ray method. load drop is generally shown in superplastic deformation and that the specimens tested are nanocrystalline materials, the load drop seems to be closely related to grain boundary sliding. In true stress-strain curves of Al-1.5Mg alloy, it can be seen that conspicuous strain softening occurred due to load drop after yielding. Figure 4 shows load-displacement and true stress-strain curves in Al-0.7Mg-1.0Cu alloy. All the curves are very similar to those in Al-1.5Mg alloy shown in Fig. 3. 
Discussion
Strain softening behavior
Some specimens of Al-1.5Mg and Al-0.7Mg-1.0Cu alloys were heat treated to grow intentionally grains for 12 h at 500 C and the resultant grain size increased up to about 10-20 mm. These specimens with coarse grains were compressed at 300 C to investigate relationship of grain size and strain softening. As can be seen in true stress-strain curves of Fig. 5 , strain hardening instead of softening occurred in all of both alloys, indicating that deformation in coarse grained materials is due to dislocation movements within grains. Consequently, considering that occurrence of strain softening depends strongly on grain size and generally appears in supreplastic deformation, [9] [10] [11] [12] it is very reasonable that strain softening occurs due to grain boundary sliding.
Occurrence of load drop
Load drop is also generally shown in superplastic deformation which is sensitive to strain rate and temperature. In this work, as can be shown in Figs. 3 and 4 , occurrence of load drop causing conspicuous strain softening depends on strain rate as well. These results seem to indicate that the load drop is connected with grain boundary sliding; if so, the occurrence of load drop will be also affected by test temperature. Thus, to investigate effect of temperature on load drop, compressive tests were conducted at 100 and 200 C with nanocrystalline Al-1.5Mg alloy. As can be seen in Fig. 6 , load drop did not occur at 100 and 200 C although strain softening took place. As a result, it is suggested that load drop is due to predominant grain boundary sliding, and the occurrence is dependent on strain rate and temperature like in superplastic deformation. Also, it is worth while to note that the temperature at which effective grain boundary sliding occurs is about 300 C because it has been reported that superplastic deformation by grain boundary sliding occurs at above 450 C in Al alloys containing Mg and/or Cu elements. 10, 12, 13) Thus, the load drop might mean the possibility of superplastic deformation at 300 C, which will be entirely due to nano sized grains. Also, it is not difficult to expect the occurrence of grain boundary sliding at temperature as low as 100 C even though not so effective, considering strain softening behaviors.
Plateau
TEM observation was performed at positions of A and B in Fig. 3 . The position A is a place where the plateau ends and the position B is where specimen is severely deformed. Figure 7 shows TEM micrographs at each position. Surprisingly, as can be seen in bright field image at position A, grains were highly refined to size of about 10 nm and broad rings in SAD pattern were observed like hollow pattern in amorphous phase (typical hollow patterns were partially obtained in some places of TEM specimen though not exhibited in this paper). The mechanism on grain refinement is not clear yet. However, it seems to be possible to presume that grain refinement is caused by severe deformation at grain boundaries during grain boundary sliding, because grains will be much more constricted by adjacent many grains surrounded in compressive test than in tensile test. In the specimen which experienced subsequent deformation after plateau (position B in Fig. 3) , the refined grains grew again up to around 100 nm and this can be confirmed from SAD pattern showing clear rings. More detailed work is progressing now on mechanisms of the grain refinement and subsequent grain growth.
Flow stress and deformation mechanism
It is well known that finer grained materials show lower flow stress at high temperatures where grain boundary sliding occurs. Also, grain boundary sliding becomes predominant deformation mechanism at the temperatures because flow stress for grain boundary sliding is lower than that for the dislocation movement within grains. Thus, flow stress can be an important clue to understand deformation mechanism at high temperatures. Comparison of curves in Figs. 5 and 6 indicates that flow stress in coarse grained Al-1.5Mg alloy is fairly lower than that in nanocrystalline alloy at the same strain rate, which might give rise to suspicion of grain boundary sliding mechanism in nanocrystalline alloys. However, prior to comparing flow stresses, it is also necessary to consider the possibility of deformation mechanism in nanocrystalline materials. It is reported that grain boundary sliding in superplastic deformation occurs in aluminum alloys with grain size of up to several mm. 10, 12, 13) In these alloys, grain boundary sliding mechanism competes with dislocation mechanism because of relatively coarse grain size, depending on microstructures, alloying elements and test conditions, etc. However, the competition of both mechanisms does not occur in nanocrystalline materials. Although there may be still an argument, deformation by dislocation movements is very difficult or small in nanocrystalline materials. Considering simply only edge dislocations, plastic deformation by dislocation gliding within grains depends strongly on the number of dislocations. In general, in theoretical models on dislocation, it is considered that dislocation source is a center of grain and the dislocations are piled up at grain boundaries. Then, the number of dislocations which are evolved, glided and piled-up is affected by critical equilibrium distance between two dislocations depending on the extent of repulsive force. In aluminum, critical equilibrium distance is 10.4 nm 14) and thus, as shown in Fig. 8 , the number of edge dislocations contributing to plastic deformation is calculated to below only 10 in a grain of the materials used in this work (those materials have grain sizes of 70-110 nm).
Furthermore, resolved shear stress for dislocation evolution and gliding must be also considered in nanocrystalline materials. External applied shear stress is not enough to glide dislocations in grains (for example, grain 2 in Fig. 8 ) with low resolved shear stress and thus, the assistance of stress concentration caused by dislocation pile-up in neighboring grain (grain 1) may be required for dislocation movement in grain 2. However, the number of dislocation piled-up in grain 1 is only about 5 and the number is not enough to assist dislocation gliding in grain 2, implying that plastic deformation by dislocation movements is very difficult in nano grains with low resolved shear stress.
Consequently, in nanocrystalline materials, deformation by dislocation movements may be significantly suppressed and/or the amount of deformation is very small, and thus, grain boundary sliding is predominant mechanism in deformation, being not affected largely by test conditions such as test temperature.
Conclusions
Three kinds of nanocrystalline materials, pure Al, Al-1.5Mg and Al-0.7Mg-1.0Cu, were compressive deformed at 300 C and their average grain sizes were ranged about from 70 to 110 nm. In load-displacement curves, sharp drop of load after yielding was observed in Al-1.5Mg and Al-0.7Mg-1.0Cu alloys and the drop is due to effective grain boundary sliding, depending on strain rate and temperature. The effective grain boundary sliding indicates the possibility of superplastic deformation at 300 C, relatively lower temperature, in nanocrystalline Al alloys. Plateau region where load is constantly sustained appeared following load drop, especially at strain rate of 1 Â 10 À3 s À1 in Al-1.5Mg and Al-0.7Mg-1.0Cu alloys. During deformation in plateau region, grains were highly refined from 100 nm to about 10 nm and then, the refined grains grew again up to 100 nm by subsequent deformation. All nanocrystalline Al alloys including pure Al showed strain softening phenomenon due to grain boundary sliding at 300 C regardless of strain rate, especially even at 100 C in Al-1.5Mg alloy.
